Abstract To develop the next generation of accident-tolerant fuel cladding for lightwater nuclear reactors, wrought FeCrAlY alloys with varying amounts of Cr and Al and commercial Kanthal APMT alloy were evaluated for short-term
Introduction
FeCrAl alloys are promising candidates for the replacement of Zr-based alloys for lightwater reactor (LWR) fuel cladding by enhancing accident tolerance, which is defined as a short-term oxidation resistance to steam environments at and above 1200°C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Particularly at these high temperatures, the dissociation of steam produces a relatively high oxygen partial pressure (*125 ppm at 1200°C) sufficient to oxidize conventional alloys. The formation of alumina is [100 times slower than the growth of ZrO 2 on Zrbased alloys [1] [2] [3] 8] . Therefore, in accident scenarios, FeCrAl will generate far less heat associated with the exothermic oxidation reaction and hydrogen based on the reaction:
To optimize FeCrAl for the fuel cladding application, lower Cr contents (\15wt. %) are desired to minimize radiation embrittlement due to the formation of a 0 [11, 12] at the *280-350°C LWR operating temperature while keeping a high (C5wt%) Al level to promote improved oxidation resistance by formation of an alumina scale [8] . The aim of this study was to investigate the oxidation behavior of selected model FeCrAl alloys and commercial alloy APMT at 1200-1475°C in order to better understand the effect of the steam environment on the alumina microstructure by comparing exposures in dry air and steam.
Experimental Procedure
The chemical composition of the FeCrAl alloys is shown in Table 1 . The model alloys were prepared by arc-melting with pure element feedstock and Fe-Y premelted alloy, followed by drop-casting to make bar-shaped ingots with a size of 13 9 25 9 125 mm. After annealing at 1200°C, the ingots were forged, rolled to 2-5 mm thickness, and then annealed at 700-750°C. The microstructure consisted of a fully recrystallized grain structure with an average grain size of *80-100 lm. The oxidation test coupons (1.5 9 10 x 19 mm) were polished to a 600-grit SiC finish and cleaned ultrasonically in acetone and methanol. Specimen mass was 2 . The oxidation behavior of the alloys was evaluated in 1 bar steam or dry air for 4 h at 1200°C and higher temperatures. The high-temperature oxidation testing was conducted in a magnetic suspension balance, Rubotherm model DynTHERM LP-HT-II thermal gravimetric analysis (TGA) instrument, which decouples the weighing mechanism from the oxidation environment in an alumina test chamber. Specimens were heated in Ar atmosphere from room temperature to 600°C at 40°C/min; then, steam was introduced followed by heating at 20°C/min to the test temperature. The gas flow rates were constant *1.4 cm/s at 1200°C and *1.6 cm/ s at 1475°C. The gas flowed from the bottom to the top of the tube.
Following exposure, the specimens were Cu-plated (to protect the surface oxide) and sectioned for metallographic mounting. Polished cross sections were examined by light microscopy, scanning electron microscopy (SEM), electron probe microanalysis (EPMA) using wavelength-dispersive X-ray analysis, and scanning transmission electron microscopy (S/TEM). TEM lamella were prepared via the focus ion beam (FIB) in situ lift-out technique using a Hitachi NB5000 FIB-SEM and were examined by S/TEM FEI Talos F200X operated at 200 kV and equipped with an extreme field emission gun (X-FEG) electron source and Super-X EDS (energy-dispersive spectroscopy) system with 4 silicon drift detectors (SDD) for chemical analysis.
Results

Effect of Cr and Al Content
Typically, high-temperature FeCrAl alloys, like APMT, contain *20% Cr, as shown in Table 1 . However, this Cr content is too high for fuel cladding because of concerns about a' formation and embrittlement [11, 12] . The model alloys typically contain higher Al contents to compensate for the reduced Cr content, as Cr is known to assist in the formation of a protective alumina scale [13] . Figure 1a shows, for example, TGA data at 1200°C, and Fig. 1b summarizes the calculated parabolic rate constants, k p , as a function of nominal alloy Al content for Cr contents from 5 to 21%. A second heat of some compositions was made because of the low residual Y contents in some heats, as shown in Table 1 . The Al content had very little effect on k p , while higher Cr contents appeared to slightly decrease the parabolic rate constant. One very high value was observed for Fe125Y, which actually had only 4.4% Al, as shown in Table 1 . In order to further understand the behavior of these low-Cr FeCrAl alloys, the scale was characterized on Fe108Y and Fe125Y and compared to that formed on APMT. Figure 2 shows high-angle annular dark field (HAADF) cross-sectional STEM images of these three alloys after exposure in steam at 1200°C. Exposures in air and steam for APMT are shown to study the environmental effect. For Fe125Y and APMT, the scale had a two-layer structure with equiaxed grains in the outer layer and columnar grains in the inner layer, reflecting the inward growth of the alumina scales [14] [15] [16] . Similar two-layer oxide scale structures have been observed on studies of FeCrAlY alloys for 40 years [17] . The alumina grain structure formed on Fe108Y was slightly different. The grains were elongated, but a distinct inner and outer layer was not observed. The average oxide grain size measured parallel to the oxide/metal interface was 0.47 ± 0.12 lm for Fe108Y, whereas it was 0.37 ± 0.15 lm for Fe125Y and 0.26 ± 0.08 lm for APMT. The grain size decreases with increasing alloy Y content (Table 1) , which suggests that the larger grains and less distinct grain structure may be due to the very low Y content in this alloy, only 190 ppm. The EDS maps in Fig. 2 show that Y segregated to the grain boundaries in each case. However, no segregation of Hf or Zr was detected in the scale formed on APMT. The relatively high C content in this alloy means that the Hf/C and Zr/C ratios (in at. %) are \1, suggesting that Hf and Zr are tied up as carbides and less likely to become incorporated into the scale [18] . Fig. 3a of Fe EDS map). The EDS maps in Fig. 3b show some Cr-rich oxides also were incorporated into the scale. Interestingly, Cr-rich carbides were observed at the oxide/metal interface, which have been reported [19] to cause problems in long-term behavior (but is not relevant for this application). The Cr-rich carbides form because there are no other carbide-forming elements in the model alloys, unlike APMT. Some Fe enrichment was also noted in the outer oxide formed on Fe125Y, particularly on grain boundaries (not shown).
Steam Versus Air
Figure 2 also compares the oxide formed in air and steam at 1200°C. As has been discussed previously [4, 5, 20] , only small differences in the oxidation kinetics in steam and air have been seen for alumina-forming alloys. In both environments, the typical two-layer alumina grain structure was observed. No Zr or Hf segregation was observed in either environment. The main difference was observed in the outer layer of the scale. Figure 4 focuses on images and EDS profiles from the outer scale on APMT in air and steam. There appeared to be more Fe and Cr in the scale formed in steam compared to air. At the higher oxygen partial pressure in air, more Cr could be lost due to CrO 3 evaporation [21] from the outer scale. Beneath the scale, no internal oxidation was observed in either environment. EPMA results from the APMT substrate beneath the oxide scale are shown in Fig. 5 . No depletion of Al or Cr was detected beneath the oxide/metal interface in either environment at 1200°C.
Effect of Temperature on APMT Alloy
While 1200°C was an initial focus for evaluating candidate cladding materials [1, 2, [4] [5] [6] , in an accident scenario the temperature will continue to increase with time. Thus, the most attractive candidates can retain protective behavior to even higher temperatures. For FeCrAl alloys, the solidus temperature is slightly over 1500°C and steam oxidation testing has been conducted from 1200 to 1500°C [4, 5, 8, 20] . Isothermal oxidation results for APMT from 1200 to 1475°C are summarized in Fig. 6 . At 1500°C, the specimen experienced breakaway oxidation. An Arrhenius plot of the rate constants is shown in Fig. 6b with an activation energy of 273 kJ/mol. Light microscopy of polished cross sections of the 1400-1475°C specimens has been presented elsewhere [5, 8] . At 1450 and 1475°C, significant scale convolutions and internal oxidation were observed, likely due to the proximity to the solidus temperature. Additional characterization of the specimen exposed at 1475°C is shown in Fig. 7 . Figure 7a shows a SEM backscattered electron image of the surface of the specimen. The bright oxide precipitates are rich in Y, Hf, and Zr and are consistent with the rapid outward transport of these dopants at this temperature due to the oxygen potential gradient [15, 18, 22, 23] . The precipitates also are evident in the cross section (Fig. 7b) . A TEM cross section of the scale shows very large grains with some elongation in the growth direction (Fig. 7c) . The two-layer structure is not observed, and the grain width is an order of magnitude larger than at 1200°C (Fig. 2b) . No grain boundary segregation could be detected. This is consistent with previous observations of scales grown at 1500°C on Zrdoped NiAl where grain boundary segregation of Zr was much lower. The driving force for segregation decreases with temperature [24] , and without grain boundary segregation there is nothing to inhibit grain growth and scale growth might occur by a combination of Al and O transport [23] . Alternatively, the RE reservoir may have been depleted [25] (i.e., incorporated into the scale) with the result that no dopants would be available to segregate. The rapid oxidation at this temperature resulted in significant Al depletion in the underlying substrate to *3.8 wt% (Fig. 5a ).
Discussion
While the low-Cr FeCrAl alloys formed protective scales at 1200°C in steam, they were not able to form alumina while ramping up to 1400°C at 20°C/min in steam with 5-6 wt% Al in an isothermal test. Results suggest that slower (5°C/min) ramp rates [5] or preforming alumina for 1 h at 1200°C prior to ramping to 1400°C enabled the leaner alloys to be protective at up to 1475°C, similar to APMT. However, in a typical isothermal test, the specimen is heated rapidly to temperature and then held for 4 h. In this case, a *20 wt% Cr FeCrAl had no problem forming alumina at up to 1475°C, but not for some of the lower Cr compositions. In these experiments, model alloys were able to form alumina at higher temperature in air, but because of the low Y content, the oxide spalled on cooling and was not available for characterization. The variation in the alloy Y content was unintended and results from the difficulty in controlling Y during the casting process. How the Y content may affect steam oxidation resistance is not entirely clear. A complete test matrix for the wrought alloys was not completed at 1400°C in steam because when specimens experience breakaway oxidation at 1400°C, they are often fully consumed and can cause damage to the system by contaminating the alumina reaction tube. The 7-8 wt% Al alloys were able to form alumina at 1400°C even with 20°C/min ramp rates, but do not have sufficient ductility to be fabricated into thin-walled cladding [26, 27] and are no longer being considered for this application. It is not yet clear why the 5-6 wt% Al alloys with 10-12 wt% Cr can form protective scales at 1200°C in steam, but are sensitive to the ramp rate at 1400°C. The third element mechanism is still not well understood. Hypotheses include changing the solubility or diffusivity of oxygen in the alloy, influencing Al activity and diffusivity in the alloy, affecting the morphology of the scale or affecting the early stages of oxide nucleation. The effect of temperature or ramp rate on these various mechanisms has not been strongly evaluated and this application is rather unique, requiring only relatively short time oxidation resistance at temperatures above 1200°C. It is well known that alumina begins to react with H 2 O at high temperature and forms a volatile compound [28] . How much this reaction affects the steam oxidation behavior of these alloys is currently being explored as higher steam velocities appear to have a negative effect on performance of the lowCr alloys.
Finally, a previous study looked at the steam oxidation behavior of low-Cr oxide dispersion strengthened (ODS) FeCrAl alloys under similar conditions [20] . Void formation was observed at the oxide-metal interface in those alloys at 1200°C. In this study, the oxide/metal interface was intact, thereby confirming that steam does not cause this separation, which was likely caused by the processing of the ODS FeCrAl alloys.
Conclusions
The oxidation behavior of wrought FeCrAlY alloys with diverse amounts of Cr and Al was compared to commercial alloy APMT in steam for 4-h isothermal exposures. With Cr contents of 10-12 wt%, the oxidation behavior of the wrought FeCrAl alloys was very similar to APMT at 1200°C with comparable parabolic rate constants and similar scale microstructures. Only minor differences were observed for the scales formed on APMT in air and steam at 1200°C. The isothermal oxidation behavior of APMT was evaluated up to 1475°C in steam. Consistent with other studies of alumina formation at such high temperatures, reactive elements become less effective at these temperatures. While the scale remained adherent, the oxide grain size was much larger and less columnar compared to lower temperatures.
